The contact angle effect on the evaluation of spray deposits by Vollhardt, D.
D. VOLLHARDT, The Contact Angle Effect on the Evaluation of Spray Deposits 29
Roxion in praxisüblichen Dosierungen keine direkten toxi-
schen Wirkungen auf die räuberischen Nematoden Seinura
tenuicaudata und Motiobutletius degrissei zu erwarten sind.
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The Contact Angle Effect on the Evaluation of Spray Deposits
Einfluß des Kontaktwinkels auf die Beurteilung von Sprühablagerungen
Von D. Vollhardt
Abstract
After deposition of circular spray droplets in the target a
transformation into adherent circular segments takes place
dependent on the wett ability of the solid surface. This trans-
formation process has been theoretically described as a func-
tion of the contact angle (8) and the radius of the circular
segment (R) for 8?: 90 degrees. Thus, a new concept has been
offered for comparing the spray patterns of various biological
as well as artificial targets. Experimental results obtained
under laboratory conditions for the contact of defined water
droplets with macroscopically smooth seed leaves of different
wett ability properties are in good agreement with the theoreti-
cal concept.
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Zusammenfassung
Bei der Ablagerung von kugelförmigen Sprühtröpfchen im Zielgebiet
findet eine Transformation in adhärierende Kugelsegmente statt, die
von der Benetzbarkeit der festen Oberfläche abhängig ist. Dieser
Transformationsprozeß wird theoretisch als Funktion von Kontakt-
winkel (8) und Radius des gebildeten Kugelsegmentes (R) für 82:90
Grad beschrieben. Damit bietet sich ein neues Konzept zur Beurtei-
lung der Sprühqualität an. Experimentelle Resultate, die mittels defi-
nierter Wassertropfen für makroskopisch ebene Keimblattunterlagen
verschiedener Benetzbarkeit unter Laborbedingungen erhalten wur-
den, befinden sich in guter Übereinstimmung mit dem theoretischen
Konzept. Die dargestellten Untersuchungen bilden die Basis dafür,
daß alle Charakteristika zur Beurteilung der Sprühqualität bei Pflan-
zenschutzmaßnahmen, die mittels geeigneter, auch künstlicher Probe-
nchmer, erhalten werden, in einfacher Weise auf biologische Ziele mit
unterschiedlichen Benetzungseigenschaften übertragbar sind. Das gilt
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Fig. I. Transformation of a spherical droplet into a spherical segment
for a selected contact angle e > 90°.
where h is the altitude and R the radius of the spherieal
segment.
Consielering the tri angle within the spherieal segment (Fig.
1), h ean be expressed by Rand 8 as follows
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Elimination of hin Eq. (2) leads to
Je
V = :rR3 [2 - 3cos8 + eos38]
The theoretieal model is based on the geometrieal transfor-
mation of a sphere with the volume (V) into a spherieal
segment of the same volume (V')
V=f(8,R)
Therefore, the derivation of this funetion is important for
the experimental situation where 82:90° and, consequently,
the appropriate profile data of the spherieal segment ean be
measured by an optical projeetion method. Figure 1 gives a
two-dimensional presentation of the transformation proeess of
a sphere to a spherieal segment of any eontaet angle> 90°. As
known, the volume of the spherieal segment can be expresseel
as
derived as a funetion of the eontact angle (8) anel the raelius of
the eireular eontaet area (a) of the spherieal segment (VOLL-
HARDT, 1991).
Here , attention is focussed on the description of the trans-
formation process based on the radius (R) of the spherical
segment instead of the radius (a).
As primary step, we caIculate the volume of the spherieal
segment as a function of 8 anel R by straighttorward extension
of our theory (VOLLHARDT, 1987)
The radius of spheres reads as
insbesondere für die Kontaktradien der Sprühtröpfchen und den
Bedeekungsgrad ebener Oberflächen.
The effieieney of biologieally aetive materials is highly influ-
eneeel by the spray quality (MAAS, 1971), In particular ,
environmental eIemaneIs on the use of biologieally aetive mate-
rials require an optimal pest eontrol with agrochemieals.
Therefore reeent interest has been foeuseel on eharaeterizing
the cornplete spraying proeeelure using refineel experiments for
moelel stuelies.
For example , speeifie information on various aspeets of fielel
trials ean be provieleel by eomparative stuelies on spray eleposits
in the target area (GANZELMEIER, 1989) anel on inflight droplet
sizing using highly sensitive laser light scattering methods
(LUDEWIG, 1990). In a previous paper a new methoel was
proposeel for evaluating the spray quality of high-perforrnance
spraying teehniques applied to elistribute pestieieles (VOLL-
HARDT, 1987).
The prineiple of this simple new teehnique is baseel on the
transformation of spherieal spray elroplets to elefineel eleposits
shapeel as spherieal segments on a target area. This is elue to
the fact that for the small elroplets the elistorting effeet of
gravity is negleetible (VOLLHARDT, 1991).
The surface-energetical features of the target area are of
partieular interest to attain suitable wettability by the eaptured
elroplets. Criteria have been suggesteel for controlling thc
hyelrophobieity of an artifieial target (VOLLHARDT, 1985) to
obtain optimal eonelitions Ior analyzing the spray pattern.
A main aelvantage of our methoel is that the spreael faetor
(S) is eonstant for the eomplete elroplet speetrum of any spray
system. S, representing the ratio between the eontaet radius of
the spray liquid with the solid anel the droplet radius , has been
denoteel by us as wettability factor. In other eonventional
proeedures (MAAS, 1971) several types of paper have been
useel to evaluate the spray quality. However, they have the
disadvantage that the spread faetor inereases with increasing
droplet size (HIGGINS, 1967).
The theoretieal analysis (VOLLHARDT, 1985, 1991) of the
transformation led to the result that the wettability factar (S) is
only a funetion of the eontaet angle (8). An aelequate relation-
ship has been derived. The theoretieal conclusions finaHy
resulted in a new eoneept for evaluating the features of spray
deposits. The proeeelure is baseel on the determination of the
eontaet angle (8) and the contaet area (a) of the eaptured
droplet. The theoretieal model includes the eonelitions for
both aqueous anel oil-forrnulated spray liquiels. This concept,
however , has considered only eontaet angles sm aller than 90
elegrees. In fact, the eontaet angles of water droplets formed
with the majority of leaves or sead leaves are greater than 90
degrees. In this case, however, the optieally projeeteel profiles
of the eaptureel droplets represent the area of the hemieircle of
the spherieal segment with the radius (R) rather than the
radius of the eireular eontaet area (a).
In the present paper we eleseribe the transformation proeess
of a spherieal spray elroplet into a spherieal segment of the
same volume as a funetion of the eontaet angle (8) and the
radius of the eircular segment (R). Having simple relationships
between measurable quantities is important for the develop-
ment of a methoel for eharaeterizing anel eomparing the spray
quality of both artifieial or biologieal surfaees.
Theoretical analysis
Recently, the geometrieal transformation of a spherieal drop-
let into a spherieal segment of the same volume has been
and inserting Eq. (4) we obtain
(7)
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In our previous paper (VOLLHARDT, 1987) we have shown
that the wettability factor (S a/r) is only a function of the
contact angle (8) and is independent of the droplet size. The
adequate cxprcssion is
are identical at a contact angle of 90 degrees, but they incrcas-
ingly deviate from each other in both direetions if the contact
angle approaches 0 01' 180 degrees.
2.0
Methods
Under laboratory conditions the study of single droplets with
contact anglcs higher than 90 degrees allows to measure not
only the contact angle (8) and the diameter of the contact area
(2a), but also the diameter of the circular segment (2R)
formed by the droplet.
To verify this evaluation concept experimentally rncasure-
ments of sessile droplots have been made under very defined
conditions. That means numerous additional aspects impor-
tant for real targets, such as inclination and location in the
canopy, bursting of droplets or influence of drift, have not
been considered.
Under laboratory conditions droplets of bidistilled water
with a constant volume of 0.004 ml are brought into contact
with different seed leaves and an artificial surface (glass cov-
ered with silicon resin). The contact angles (8), the diarneters
of the contact areas (2a) and thc diarneters of the circular
segments formed by the droplets (2R) have becn carefully
measured using a Measuring Projector MP 320 (Carl Zeiss,
Jena). For precise measurements the biologieal material has to
be horizontally stuck to a solid substrate without injuring the
leaf surface.
Results and Discussion
For particular biologreal species such defined measurements
offer the possibility to exarnine the effect of surface-spccific
differences on contact angle data and, thus, on the wetrability.
For statistical evaluation the me an values x and thc standard
deviations ((Jn r- d of the da ta have been calculated for the
individual biological species.
Table 1 lists the measured data of the contact angles, the
contact diarneters (2a) and the droplet diameters (2R) of 0.004
ml bidistilled watcr droplets for different seed leaves. The
results show that, in fact, numerous seedleaves, in particular
the cereals oats (avena sativa) and barley (horclcum vulgete),
form contact angles with water droplets which are consider-
ably higher than 90 degrees. Such high contact angles cannot
be explained by the hydrophobicity of the epicuticu1ar waxes
only. Obviously, the particular morphology of thc leaf surface
is of additional importance for realizing the extrernely high
contact angle of water droplets with numerous leaf surfaces.
The simultaneous measurement of the three parameters 8,
2a, and 2R is advantageous as the contact angle (8m c as)
measured directly can be cornparcd with the contact angle
(8ca lc ) calculated from 2a, and 2R according to Eq. (12).
Though the scattering of the measured parameters 8, 2a, and
2R is rather high, it is apparent that the mean value of the
contact anglcs measured for water droplets on oats increases
from the small seed lcaves to the large ones.
On the other hand, there are leaves or seed leaves with
contact angles smaller than 90 degrees, as shown in Table 2 for
mustard (sinapis alba.) As an example for artificial substrate
surfaces, the results obtained for glass covered with silicon
resin are prcsentcd in Table 3. In both cases only the contact
angles (8) and the contact diarneters (2a) can be measured
bccause of 8:::: 90 degrees. However, the possibilities based
on our theorctical concept enable us to calculatc all quantities
for characterizing the wettabiliry properties of substrate sur-
faces.
(8)
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Fig. 2. Wettability constants Sand T as a function of the contact angle
(0).
a/R=sin8
From the geometrical presentation of Figure 1, the ratio aiR
ean be cxpresscd as
so that the wettability constants can be transformed into each
other by
5 T
IQO
8.0
6.0 s
For systems with 8< 90° (VOLLHARDT, 1991) an analogous
geomctrical analysis led to adequate equations for S (Eqs.
(12-15)). Note that the two wettability constants defined by
S air and T = R/r can be correlated in a simple way.
By combination we obtain
Further insight has been gained by plotting the values of
each wetting constant versus the contact angle. Using, in turn,
Eq. (8) and Eq. (12) of the recent paper (VOLLHARDT, 1991)
the curves of T and S versus the contact angle are as illustrated
in Figure 2. According to Eq. (JA), both wettability constants
That mcans, for the whole spcctrum of droplet sizmg a
constant contact angle (8) with the same target has to be
expected. Therefore , the contact angle (8) can bc deterrnined
for any droplet size suitable for the measurements.
Analogously, it can easily be seen from Eq. (7) that the ratio
R1r = T is cxpresscd as a function of 8 over the whole range of
the droplet spectrum.
T = 2(4 - 6cos8 + 2cos38)-1/3 (9)
Applying other trigonometric functions, Eq. (9) can be
expressed as
T = 2(1 + tg28)l/2 (4(1 + tg28)3/2 - 6 tg28 - 4)-1/3 (10)
T = 2(1 + ctg28)1/2 (4(1 + ctg28)3/2 - 2ctg8 (3 +
2ctg28))-1/3 (11)
S/T= aiR.
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Table 1. Charaeterisation of the spray quality of seed-Ieaves based on
the eontact angle (8), the diameter of the contact area (2a) and the
diameter of the bidistilled water droplets with a volume of 0.004 ml
Table 2. Characterisation of the spray quality of seed-Ieaves with
contact angles with bidestilled water droplets smaller than 90 degrees
mustard (sinepis elbe)
8measldcg 2a/mm S (8) S = a/r 8calcfdcg 2a/SO
1.982
1.908
1.964
1.872
1.974
1.997
1.941
1.960
2.059
65.5
63.5
64.0
56.4
51.7
47.5
58.0
49.5
58.3
1.539
1.564
1.559
1.660
1.721
1.782
1.640
1.757
1.635
1.529
1.614
1.563
1.747
1.717
1.758
1.664
1.765
1.563
3.03
3.08
3.07
3.27
3.39
3.51
3.23
3.46
3.22
66.3
59.5
63.5
50.0
52.0
49.3
55.8
48.8
63.5
2a/S
2.0012
1.9554
1.9950
1.9752
0.0280
E>cak/deg
127.3
134.8
131.0
131.0
3.7
S (8)
0.847
0.762
0.802
0.804
0.004
2R/mm
2.132
2.100
2.120
2.117
0.016
2a/mm
1.595
0.103
1.695
1.490
1.600
E>mcasldeg
125.5
132.0
129.0
x 128.8
(Jn-l 3.3
oats (Ilvena setivu]
small seed-Ieaves
medium seed-leaves
8mcasldcg 2a/mm 2R/mm S (8) 8calcfdeg 2a/S
x 56.5
(Jn-I 6.9
3.25
0.17
1.658
0.093
1.651
0.088
57.2
6.5
1.962
0.053
Table 3. Characterisation of the spray quality of an artifical target
(glass, covered with silicon resin)
126.3
136.8
131.5
131.8
X 130.4
(J n->I 4.9
1.630
1.404
1.525
1.534
1.523
0.080
2.132
2.149
2.137
2.138
2.139
0.007
0.837
0.696
0.769
0.831
0.783
0.066
130.1
136.8
134.4
134.1
134.5
3.7
1.9474
2.0170
1.9831
1.8460
1.9472
0.0641
r = 0.9847 mm; v = 0.004 ml
8mcas/deg 2a/mm S (8) S air 8meas/deg 2a/S (8)
large seed-Ieaves
Gmeas/deg
133.8
149.5
141.0
136.5
2a/mm
1.412
1.075
1.316
1.424
2R/mm
2.140
2.120
2.124
2.135
S (8)
0.738
0.510
0.637
0.701
ecalc/deg
138.7
149.5
141.7
138.1
2a/S
1.9133
2.1078
2.0659
2.0314
90.0
90.0
89.9
90.0
89.5
89.0
90.0
2.445
2.436
2.448
2.475
2.479
2.461
2.529
1.26
1.26
1.26
1.26
1.27
1.27
1.26
1.242
1.237
1.243
1.257
1.259
1.250
1.284
91.5
92.6
91.5
90.5
90.0
91.0
88.0
1.940
1.933
1.943
1.965
1.952
1.938
2.007
X 140.2
(Jn-l 6.9
1.307
0.162
2.130
0.009
0.648
0.100
142.0
5.2
2.0296
0.0836
x 89.8
(Jn-I 0.4
2.468
0.031
1.26
0.005
1.253
0.026
90.7
1.4
1.954
0.026
all seed-Ieaves
8measldeg 2a/mm 2R/mm
barley (hotdcum vulgetc}
8 mea'/deg 2a/mm 2R/mm
turnip-cabbage (btessice olciecce)
8 m ea'/deg 2a/mm 2R/mm
According to the simple correlation S = aIrderived recently
(VOLLHARDT, 1991), the wettability constant (S) can be caIcu-
lated in a simple way and, thus, the contact angle can be
determined by independent measurement of 2a. Having in
mind Eq. (7) the same possibility exists on the basis of 2R. On
the other hand, the wettability factor (S) is expressed as a
function of the contact angle (e) and can be caIculated accord-
ing to Eq. (8).
For all experiments a constant droplet volume (v) has been
used. That means the radii of the spherical droplets are also
constant
(15)3vr = ( 4 )113 = const.
According to the correlation S = slt , under this condition a
constant ratio 2a/S has to be expected for both the different
biological surfaces and the suitable artificial substrate. As can
be seen in Tables 1-3, the 2a/S data of the highly different
surfaces agree reasonably weIl indeed. In addition, this result
demonstrates the reliability of the data measured.
As shown in Eq. (8) and derived elsewhere (VOLLHARDT,
1991), for a broad range of droplet size the wett ability factor
(S) is only a function of the contact angle (e) provided the
same spray liquid is used. Thus the contact angles have been
experimentally determined for droplet sizes convenient for
exact measurements, but much higher than those of the spray
pattern.
Further evidence for the validity of the theoretical concept is
provided by the good agreement of the contact angles caIcu-
lated from 2a and 2R (ec alc ) and those directly measured
(em e as) (Table 1). In the case of e::; 90 degrees, the two
parameters measured, and 2a, form the basis for comparative
2a/S
2a/S
2a/S
1.8986
0.1388
1.981
0.044
2.009
1.952
2.003
2.043
1.998
2.240
1.926
1.8156
1.8663
1.9499
1.9410
2.2828
1.9325
1.8340
1.9613
1.8012
1.8498
1.7696
1.7792
1.9825
0.0698
eca1c/deg
ecalc/deg
eca1c/deg
133.4
7.6
105.4
3.8
97.3
106.9
105.6
109.0
106.8
105.5
106.7
136.8
6.2
131.2
126.4
128.0
136.4
145.0
137.3
142.5
120.5
140.9
124.2
135.7
133.1
S (8)
1.106
0.045
S (8)
0.733
0.104
S (8)
0.837
0.919
0.873
0.742
0.525
0.721
0.694
0.956
0.735
0.953
0.789
0.802
1.179
1.127
1.116
1.047
1.061
1.088
1.121
0.792
0.129
2.390
2.300
2.320
2.235
2.235
2.240
2.255
2.290
0.060
2.083
0.066
2.020
2.130
2.160
2.089
2.090
2.055
2.093
2.176
2.101
2.131
1.998
1.956
2.131
0.013
2.370
2.200
2.235
2.140
2.120
2.105
2.160
2.190
0.091
1.502
0.076
1.520
1.715
1.702
1.440
1.199
1.394
1.272
1.874
1.324
1.763
1.396
1.427
1.450
0.173
97.3
102.0
103.0
109.0
107.8
105.5
102.5
126.3
119.8
123.5
133.5
148.5
135.0
137.0
116.8
137.8
117.0
131.8
129.0
x 134.5
(J n-e l 7.0
x 129.1
(J n-e I 9.4
x 103.9
(J n-e l 4.0
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studies. This means that, in principle, for constant droplet size
(r = const.) the contact angle can be calculated from only one
further additional parameter measured (2a or 2R). For seed-
leaves of mustard (sinapis alba) the agreement between the
contact angles (8) measured directly and those calculated by
Eq. (12) is rather good, the same applies to the adequate
wettability constants (S) (Table 2). Hence, this comparison
provides an additional evidence that the rernarkable scattering
of the single data expressed by the calculated standard devia-
tion (o 0-1) results from variations of the leaf surfaces within
one species.
An analogous comparison has been made for a suitable
artificial substrate as given in Table 3. Here, it can be clearly
seen that there is not only a good agreement between the
measured data and the calculated ones, but there are also
rat her low standard deviations (o 0-1).
A furt her aspect of these results is that comparative conclu-
sions can be drawn from the spray pattern of any suitable
target, for example of an artifical target, to other ones pro-
vided the contact angles, 8, of the various plant surfaces have
been measured or are known. As shown in Figure 2, the
wettability constants, Sand T, are only dependent on the
contact angle, 8. Therefore, the results of the evaluation of
spray deposits on a suitable artificial target permit conclusions
on the degree of coverage for other biological targets in
horizontal position.
Summing up, these examinations demonstrate convincingly
the general applicability of the theoretical concept for various
biological materials with contact angles smaller and larger than
90 degrees as weil as for suitable artificial substrates.
Conclusions
In conclusion, the results of this study and of our recent paper
suggest that the new principle of evaluating the spray quality
offers the development of a simple procedure for comparing
the spray patterns of various spray liquids provided an artifi-
cial target with adequate surface properties is used and the
contact angles of the adequate biological surfaces are known
or can be measured. The new method for the evaluation of the
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spray quality including the degree of coverage and the total
amount of spray liquid can be experimentally applied for
contact angles 8:::::90 degrees. The multilateral aspects of the
theoretical analysis for the gravity-free transformation of
spherical spray droplets into spherical segments on a target
area have been based on the functions r = f(8,a) or f(8,R).
Thus the real size of the spray droplets can be determined
from the radius of the contact areas (a) or the radius of the
circular segment (R) of the spray pattern and the contact angle
(8) between spray liquid and target surface.
Conclusive experimental evidence are provided dernonstra-
ting the general validity of the theoretical concept under very
defined conditions. The evaluation procedure is applicable to
polar as weil as apolar spray liquids.
As described elsewhere (PERLWITZ, 1988, VOLLHARDT,
1991) the contact angle based evaluation of spray pattern has
been applied for the development of procedures to analyze the
results of aerial plant protection measures in forestry.
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